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Abstract 
Thermal storage in packed beds of rock has been shown to be promising at temperatures up to 600 °C. In order to determine 
whether packed rock beds might provide thermal storage at a lower cost than existing technologies, it is necessary to predict the 
cost and to find the optimum design parameters. Experiments below 100 °C suggest that the heat transfer characteristics of 
packed beds may be predicted with existing correlations. However, the use of irregular, asymmetric rock particles results in 
pressure drop characteristics which are highly variable and unpredictable. Accurate knowledge of the pressure drop over a range 
of Reynolds numbers requires an empirical correlation which depends on the specific rock and packing method. A simple cost-
optimum method is presented to determine the particle size and bed length of a rock bed, by fixing the Biot number. The 
electricity produced in a steam power cycle supplied with heat from the packed bed is estimated based on the bed exit 
temperature profile during discharging. The net income for a range of bed lengths and particle sizes leads to an estimate of 
optimum particle size and bed length.  
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1. Introduction 
Thermal storage at high temperatures for solar power plants “is a key technology for the successful exploitation 
of this energy source on a significant scale” [1]. However, thermal storage in concentrating solar power (CSP) plants 
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is a significant part of the cost – Kolb et al. [2] estimated that 9 hours of two-tank molten salt thermal storage could 
contribute about 13 % of the levelised cost of electricity (LCOE) for a sample CSP plant. There is therefore good 
reason to consider alternatives, one example of which is the packed bed. 
 
Thermal storage in packed beds of ceramics has shown a “promising basis” for implementation in concentrating 
solar power plants [3]. Lower cost materials such as rock have also been tested, with promising results, at 
temperatures up to 600 °C [4]. However, the use of irregular, asymmetric rock particles results in unpredictable 
pressure drop through the packed bed. Zavattoni et al. [5] measured pressure drops over a rock bed 10 – 30 % higher 
than the commonly used Ergun equation, and Shitzer and Levy [6] measured pressure drops a factor of 1.5 – 5 times 
higher. Not only do the friction factors differ from one rock set to another, they are apparently dependent on the 
packing direction of the rock relative to the fluid flow direction [7]. 
 
It is important to know the pressure drop characteristics in advance in order to predict the pumping power cost. 
This is necessary since the main purpose of considering packed beds of rock is to find a lower cost storage method 
to those already in use – particularly molten salt, the current “state of the art” [2]. The purpose of this paper is to 
present a method to determine the cost optimum particle size and bed dimensions based on measured pressure drop 
and heat transfer characteristics of packed beds, particularly rock beds. 
2. Experimental method, equipment and data presentation 
Pressure drop over packed beds of different materials was measured by means of a wind tunnel (shown in App. 
A; see [7] for further detail). The pressure drop per unit length Δp/L was expressed in terms of an apparent duct 
friction factor fda and packing Reynolds number Re: 
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The packing dimension ΣVp/ΣAp is the ratio of the total particle volume to surface area and  
 
ܦ ൌ ͸ȭ ௣ܸȀȭܣ௣ (3) 
 
ε is void fraction, ρ air density, and μ air viscosity. The superficial flow speed vs is calculated from the air mass 
flow rate m and the total cross-sectional area of the bed Acs: 
 
ݒ௦ ൌ ݉Ȁሾߩܣ௖௦ሿ (4) 
The particles were poured into the test section in two directions relative to the air flow direction through the test 
section: counter-current and cross-current. The materials tested included crushed rock (commercial aggregate – “13 
mm” (ΣVp/ΣAp = 1.3 mm, sphericity 0.76) and “26 mm” (ΣVp/ΣAp = 4.0, 4.1 mm, sphericity 0.80)), rounded rock, 
spheres, cubes and cylinders (see [7] for further detail). 
 
Thermal tests to determine the heat transfer characteristics were conducted by placing a heat exchanger upstream 
of the test section and heating the air before it entered the test section. When the packed bed was fully charged, the 
heat exchanger was removed, allowing cold air to flow through the test section and discharge it. For these tests, the 
wind tunnel was vertical to prevent stratification of the air due to buoyancy effects. The temperature profiles at the 
outlet of the packed bed were compared with those predicted using the Hughes ‘Effectiveness-NTU’ model 
(Hughes, [8]; Duffie and Beckmann, [9]) combined with the heat transfer coefficient correlation of Martin [10] or 
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Wakao et al. [11] to calculate the Nusselt number (Nu). The correlation of Martin was obtained from tests on 
spheres, cubes, cylinders, saddles and rings: 
 
݄ ൌ ܰݑ݇Ȁܦ ൌ ሺ݇ȀܦሻͲǤͶͲ͵ͺሺʹݔ௙ܪ݃݀௛ȀܮሻଵȀଷܲݎଵȀଷ (5) 
 
where h is the heat transfer coefficient. The frictional fraction of the total pressure drop, xf, ranges between 0.197 
for cubes and 0.447 for spheres. k is the air thermal conductivity. 
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The Hagen number Hg is calculated from the Ergun equation, 
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The particle Reynolds number is defined as 
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Wakao et al. [11] present a correlation that is corrected for axial fluid thermal dispersion: 
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This is valid for 15 < Rep < 8500. Wakao et al. do not state what range of void fractions it is applicable to. The 
correlation was compared with data for spheres, cylinders and cubes.  
3. Experimental results: pressure drop and heat transfer characteristics 
3.1. Pressure drop characteristics 
Figure 1 shows the apparent friction factors for three sets of commercially available crushed rock as a function of 
Reynolds number. The friction factors differ from one rock set to another, and are also dependent on the packing 
direction of the rock relative to the fluid flow direction (see [7] for further detail). The rock poured into the test 
section in a counter-current direction gave rise to friction factors up to 50 % higher than those measured for cross-
current packing. For Re values of 100 – 200 or less, the friction factors for the three rock sets appear to converge for 
a particular packing direction. If operated near Re ≈ 100, it may be possible to use these measured friction factors to 
predict pressure drop characteristics with less error than would be the case at higher values of Re. 
 
The curve shown for smooth spheres, which is similar to the lowest values measured for rock in cross-current 
packing is [7] 
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A curve fit to the 4.0 mm crushed rock in counter-current packing, for which the highest friction factors were 
measured, gives  
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Figure 1: Friction factors for three sets of crushed rock packed in two directions; data for 1.3 & 4.1 mm sets from Allen et al. [7] 
3.2. Thermal characteristics 
Sample temperature profiles measured for packed beds of glass spheres, aluminium cubes and crushed rock are 
shown in Figure 2, Figure 3, Figure 4 and Figure 5 respectively. They are compared with the predicted temperatures 
from the Hughes E-NTU model and the correlations of Martin [10] and Wakao et al [11]. There is little difference 
between the temperatures predicted by the correlations, even in the case of cubes. 
 
Figure 4 and Figure 5 show that the heat transfer characteristics of a packed bed of crushed rock are essentially 
the same as those for cubes or spheres. These results show that, although the packing direction has a significant 
influence on pressure drop characteristics, it has no significant influence on the heat transfer. 
 
 
Figure 2: Glass sphere discharge temperature profile; average 0.409 kg/m2s; Re = 370; Rep = 350; Bi = 0.15 
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Figure 3: Aluminium cube discharge temperature profile; average 0.514 kg/m2s; Re = 440; Rep = 440; Bi = 0.003 
Figure 2 and Figure 3 confirm that the measurements for uniformly shaped particles are consistent with previous 
work in literature.  
 
 
Figure 4: Crushed rock (ΣVp/ΣAp = 1.3 mm) counter-current discharge temperature profile; average 0.515 kg/m2s; Re = 240; Rep = 210; Bi = 0.11 
 
Figure 5: Crushed rock (ΣVp/ΣAp = 1.3 mm) cross-current discharge temperature profile; average 0.597 kg/m2s; Re = 280; Rep = 240; Bi = 0.12 
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4. Application: Method of cost calculation and bed parameter selection 
For a chosen particle size D, the Biot number is fixed at a value sufficiently low to ensure that internal thermal 
resistance of the individual particles does not adversely affect heat transfer. Typically, this is of the order of 0.1 or 
less. 
 
ܤ݅ ൌ ݄ܦȀሺʹ݇௣ሻ (12) 
 
kp is the thermal conductivity of the particle. The Nusselt number is calculated from Eq. (14), and substituted into 
the equation of Wakao et al. [11] to calculate the Reynolds number (Eq. (14)): 
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The flow speed is calculated from the Reynolds number, and the mass flow rate is calculated from Eq. (4) where 
Acs is fixed at 1 m2 and the air properties are calculated at a temperature which is the average of the bed charge and 
discharge inlet temperatures. Note from Eq. (14) that if the Biot number is held constant, choosing the particle size 
fixes the flow rate. 
 
The power generated in a steam power cycle supplied with the heat recaptured from the bed during discharge is 
calculated by assuming a boiler flue outlet temperature Tflue. The minimum working fluid temperature in the steam 
cycle is fixed at TL, based on typical air-cooled condenser temperatures. The maximum steam temperature in the 
boiler is TH, which was set equal to Tdo for this initial analysis, although in practice it is typically 50 – 100 °C lower. 
The heat transferred into the steam at the boiler is then 
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The electrical power generated by the steam cycle is  
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where the steam cycle efficiency was estimated from the Chambadal Novikov equation [12]: 
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The income from the electrical power produced (R/s) by the steam cycle is 
 
ܫ ൌ ܥ௘ ௘ܹ (18) 
 
The pumping cost Cp through the packed bed in R/s is 
 
ܥ௣ ൌ ܥ௘ȟ݌ܸ (19) 
 
where Ce is the cost of energy in R/J. The pressure drop is calculated by means of an empirical friction factor 
correlation such as Eq. (10) or (11). The air volumetric flow rate at the blower 
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where ρ is the air density at the blower temperature and pressure.  
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The capital cost of the bed in R/s is  
 
ܥ௕ ൌ ܥ௠ܣ௖௦ܮ (21) 
 
where Cm is the material capital cost in R/[m3s], which includes interest repayment and all other construction-
related expenses of the bed. 
 
Since vs and therefore m are expressed as a function of D in the Biot number, they will decrease as D increases. 
Consequently, the quantity of heat stored will vary with D, and the net income for the different particle sizes must be 
normalised by the total heat stored. 
 
The net income over a full charge-discharge cycle, in R, is  
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where the subscripts c and d refer to charge or discharge and charging and discharging takes place for time 
periods tc  and td respectively.  
 
The net income is normalized by the quantity of heat removed from the bed (Q), which may be calculated, for a 
constant mass flow rate, from 
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5. Sample solution 
The Hughes effectiveness-NTU method was implemented to solve the temperature profile through the bed. The 
air inlet temperature during charging (Tci) and discharging (Tdi) was fixed. The bed was assumed to be at an initial 
temperature Tdi before charging began. At the end of the charging cycle, the flow direction was reversed for 
discharging. The final temperature profile of the bed at the end of charging was used as the initial profile for 
discharging. This process was repeated n times to reach steady-state operation. Zanganeh et al. [4] found that it 
could take as many as 20 – 30 cycles for this to be achieved, although the most significant changes occur within the 
first 10 cycles. The values used are summarised in Table 1. 
Table 1: Values used to calculate net income from a rock bed 
Variable Value Variable Value 
Tdi °C 20 tc s 12 x 3600 
Tci °C 500 td s 12 x 3600 
Tflue °C 100 n (cycles) 15 
TL °C 50 Bi (for flow calculation) 0.1  
Tavg °C 250 Years of use 20 
Ce R/J 1/3 600 000 Rock density 2650 kg/m3 
Cm R/m3s 8.403 x 10-7  (0.2 R/kg over 20 years) Rock heat capacity 820 J/kgK 
 
The flow rate from Eq. 4 and 14 was calculated for air properties at Tavg; the average value of Rep ≈ 70 (Re ≈ 80 
for ε = 0.4). Air properties were calculated at the segment temperatures throughout the bed. The air density at the 
blower was calculated at the air temperature Tflue during discharging, and the bed outlet temperature (Tco) during 
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charging. The value for Cm stated above only includes the raw material cost of the rock, based on quotations from 
aggregate suppliers in South Africa. Future work must include the construction and surrounding infrastructure cost 
(containment, air distribution ducts). Ce is based on a cost of electricity of 1 R/kWh. The pressure drop for 
calculating pumping power was obtained by means of Eq. (10). 
 
A sample plot of the income, net income, and pumping and material cost for the case where D = 0.02 m is shown 
in Figure 6. For this particular case with D = 0.02 m, the maximum net income is obtained for a bed length around 
6 m. The non-linearity in the pumping cost is caused by the temperature dependent variation of air properties 
through the bed and the blower. 
 
 
Figure 6: Income and cost for unit cross-sectional packed beds, D = 0.02 m 
The income obtained for a range of values of D is shown in Figure 7a, and in 7b normalised by the total thermal 
energy removed from the bed during a 12 hour discharge.  
 
  
a b 
Figure 7: Income generated per 12 hr discharge for different values of D; (a) income per discharge; (b) income per discharge in normalised form 
The main reason for the inflection in the curve D = 0.01 m is the thermocline and the bed discharge outlet air 
temperature profile, shown in Figure 8a. For L ≤ 6 m the outlet temperature from the bed drops to about 50 °C or 
less before the end of the 12 hour discharge. However, for L ≥ 7 m, the outlet temperature does not drop below 
250 °C. Consequently, more power can be generated at a higher efficiency, seen in Figure 8b. 
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a b 
Figure 8: (a) Discharge bed outlet air temperature profile for D = 0.01 m and (b) average efficiency 
The net income obtained during a 24 hr charge-discharge cycle is shown for particle sizes from 0.01 – 0.06 m, in 
Figure 9 in normalised form. The optimum particle size and bed length combination for the shown cases is D = 
0.02 m and L = 6 m. This will allow the maximum value of Inet to be achieved. 
 
 
Figure 9: Net income over a 24 hr charge-discharge cycle for different values of D  
Future work needs to address the simplifications that were introduced here. The charging and discharging of the 
bed was continued for 12 hours, regardless of whether or not the bed was fully charged or discharged. In practice, 
the pumping power should not be counted after the discharge outlet temperature drops below the boiler flue gas 
outlet temperature. The capital cost of the steam cycle should be included to take into account the cost of not 
producing electricity when the storage is empty. The effect of thermal losses from the bed, which will depend on the 
volume-to-surface ratio of the bed, needs to be added. Variation of crushed rock cost with particle size, and proper 
estimates of the packed bed construction and structural cost, as well as financial interest should also be included. 
The blower pumping efficiency must be taken into account, as must variation of rock properties with temperature. 
 
The maximum steam temperature should be calculated based on typical boiler parameters, instead of using the 
bed outlet temperature. Future tests at temperatures near 500 °C are needed to determine the influence of radiation, 
which was not taken into account here. The work of Zanganeh suggests this may causes errors up to a few tens of 
degrees Celsius in this temperature range. The results were calculated for the smooth sphere pressure drop Eq. (10), 
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which represents the lowest measured pressure drop through rock beds. The simulation should be repeated for 
higher pressure drop characteristics – for example Eq. (11).  
6. Conclusion 
Experimental work on packed beds at temperatures below 100 °C suggests that existing heat transfer correlations 
and the E-NTU method of Hughes are sufficient to predict the temperature profile of beds of rock in this 
temperature range. Tests at higher temperatures are needed to determine the influence of radiation. The friction 
factor of packed beds of rock can vary significantly, changing from one set of rock to another, and is also strongly 
dependent on the packing direction relative to the air flow direction. Therefore, empirical correlations are necessary 
for a particular set of rock in order to provide reasonably accurate cost estimations, unless the Reynolds number for 
operation is of the order of 100 or less, where the friction factors appear to converge to some degree. The cost-
optimum method, for the shown particle sizes and the approximations used here, suggests optimum particle sizes 
around 0.02 m and bed lengths of 6 m in the case where Bi = 0.1. 
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